We examined the cross-sectional association between intake of carotenoids with provitamin A activity and carotid artery plaques in 12 773 participants of the Atherosclerosis Risk in Communities Study aged 45-64 y. Usual diet was assessed with a 66-item food-frequency questionnaire. Plaques were examined by B-mode ultrasound of multiple carotid artery segments. In both women and men, those in the highest quintile of carotenoid consumption had a lower prevalence of plaques (women, 25.4%; men, 36.0%) than those in the lowest quintile of carotenoid consumption (women, 29.3%; men, 39.8%). The prevalence odds ratios contrasting extreme intake quintiles were 0.82 (95% CI: 0.70, 0.97) in women and 0.85 (95% CI: 0.72, 1.01) in men. The associations diminished slightly after potential confounders were adjusted for. In women, the inverse association was particularly strong for current smokers (adjusted odds ratio contrasting extreme quintiles: 0.67; 95% CI: 0.45, 0.98). In men, no such effect modification by smoking was seen. The inverse association was somewhat stronger in men aged 55-64 y than in those aged 45-54 y, whereas age made little difference in women. These findings, together with previous findings that carotenoid intake was unrelated to average carotid artery wall thickness, suggest that carotenoids may exert their influence later rather than earlier in the atherosclerotic process, and support the hypothesis that carotenoids or other plant-derived compounds may play a role in preventing arterial plaque formation. 1998;68:726-33. 
INTRODUCTION
Substantial evidence indicates that the oxidation of LDL plays an important role in the early development of atherosclerosis (1) (2) (3) . This evidence led several investigators to consider a preventive role for antioxidants, particularly vitamin E, vitamin C, and ␤-carotene. To date, however, evidence for any of these substances preventing the clinical manifestations of atherosclerosis is equivocal (4) (5) (6) (7) (8) (9) (10) .
Atherosclerosis is understood to be a multistep process. It begins with the accumulation of oxidized LDL in macrophages; this leads to the formation of foam cells, followed by the production of fatty streaks and thickening of the endothelial wall, followed in turn by the formation of arterial plaques and arterial stenosis (11) . Plaque rupture can lead to thrombosis and complete arterial occlusion (12) . The putative mechanism for the protective effect of antioxidants is prevention of LDL oxidation. Indeed, supplementation with vitamins E and C reduces the susceptibility of LDL to oxidation in vitro (13, 14) . In primates, vitamin E retards the atherosclerotic process (15) . We showed previously that in men and women aged > 55 y, increased intakes of both vitamin E and vitamin C are associated with reduced intimal-medial wall thickness of the carotid arteries, consistent with a role early in the atherosclerotic process (16) . Vitamin E intake has also been found to be inversely associated with the rate of thickening of carotid artery walls, coronary artery stenosis, cardiovascular death after angiography, and, perhaps, restenosis after percutaneous transluminal coronary angioplasty (6, 10, 17, 18) .
In contrast with vitamins E and C, supplementation with ␤-carotene does not affect the susceptibility of LDL to oxidation in vitro, although carotenoid depletion does seem to increase systemic lipid peroxidation (13, 14, 19, 20) . Furthermore, in our previous analysis, provitamin A carotenoid consumption was not associated with carotid artery intimal-medial wall thickness after we adjusted the analysis for established cardiovascular risk factors (16) . Nevertheless, several epidemiologic studies have found an inverse association between various carotenoids and clinical cardiovascular events, particularly in cigarette smokers (21) (22) (23) (24) (25) (26) (27) (28) .
Given the inverse associations between carotenoids and acute coronary events seen in several studies and our previous analysis Provitamin A carotenoid intake and carotid artery plaques: the Atherosclerosis Risk in Communities Study [1] [2] [3] Stephen B Kritchevsky, Grethe S Tell, Tomoko Shimakawa, Barbara Dennis, Rongling Li, Lenore Kohlmeier, Elaine Steere, and Gerardo Heiss of data from the Atherosclerosis Risk in Communities (ARIC) Study showing no association between provitamin A carotenoid consumption and intimal-medial wall thickness (16), we reasoned that an association between carotenoid consumption and the existence of plaques would support a role for carotenoids in the atherosclerotic process, although perhaps by a mechanism that does not involve the modulation of LDL oxidation or that operates relatively later in the atherosclerotic disease process. Motivated by the hypothesis that carotenoids act later rather than earlier in the atherosclerotic process, we examined the relation between dietary provitamin A carotenoid intake (ie, carotenoids that have vitamin A activity when metabolized) and the presence or absence of carotid artery plaques in participants of the ARIC Study, a large, population-based, epidemiologic cohort.
SUBJECTS AND METHODS

Study population
The ARIC Study is a prospective cohort study designed to investigate the etiology and sequelae of atherosclerosis. It has been described in detail elsewhere (29, 30) . Briefly, from 1986 through 1989, 4000 adults aged 45-64 y were sampled from 4 US communities: Forsyth County, NC; Jackson, MS; suburban Minneapolis; and Washington County, MD. We included 12 773 of the 15 792 age-eligible adults in this analysis after applying the following exclusion criteria: neither black nor white (n = 48), no dietary interview (n = 26), dietary interview of unacceptable quality in the judgment of the interviewer (n = 726), and extremely high or low total energy intake [< 2.5 or > 17.6 MJ/d (< 600 or > 4200 kcal/d) for men and < 2 or > 15 MJ/d (< 500 or > 3600 kcal/d) for women; n = 278]. Because the occurrence of coronary artery disease could lead to dietary changes that would not reflect dietary intake during most of the atherosclerotic process, those with clinically manifest coronary artery disease at baseline were also excluded (n = 1603). Finally, participants with missing ultrasound measurements were excluded (n = 338).
Dietary intake
The participants' average dietary intake over the previous year was estimated by an interviewer-administered, 66-item, semiquantitative food-frequency questionnaire, modified from the 61-item questionnaire originally developed and validated by Willett et al (31) . Participants were asked how often on average they had consumed a specified portion size of each food (eg, 8-oz glass of whole milk) during the preceding year. Nine response categories were available, ranging from "almost never" to "more than 6 times per day." Daily nutrient intake was calculated by multiplying the nutrient content of the specified portion of each food item, including alcoholic beverages, by the frequency of its daily consumption and summing over all items. Food values for energy were from US Department of Agriculture sources (32) . Provitamin A carotenoid intake represents the calculated vitamin A activity from substances in the diet other than preformed vitamin A (33) . This primarily represents the contribution of ␤-carotene. Estimates of the individual carotenoid content of foods were not available in the study's diet database. Vitamin supplement use was ascertained from a survey of medication use. The use of ␤-carotene supplements was uncommon (Ϸ0.6% in both men and women).
Carotid artery ultrasound measurements
Real-time, B-mode ultrasound was used to evaluate carotid artery wall thickness as an indicator of atherosclerosis. The Biosound 2000 II SA (Biosound Inc, Indianapolis) was used at each of the 4 ARIC field centers, which each used a common scanning protocol. Carotid arteries were examined bilaterally in the areas of the common carotid (1 cm proximal to the dilatation of the carotid bulb), the carotid bifurcation (1 cm proximal to the flow divider), and the internal carotid artery (1 cm distal to the flow divider). To optimize the reproducibility of the carotid artery measurements, standardized interrogation angles were used. The population distributions of wall thickness and plaques were published previously (34, 35) .
All ultrasounds were read at the ARIC Ultrasound Reading Center. Ultrasound readers identified plaques (with or without acoustic shadowing) in an arterial segment on the basis of 3 criteria: wall shape (an irregular intimal-medial boundary or encroachment into the lumen), texture (bright echoes or shadowing), and thickness (intimal-medial thickness ≥ 1.5 mm). Readers reported plaques if 2 of the 3 criteria were met in any arterial segment. A reliability study of plaque identification showed good interreader reliability and good to excellent intrareader reliability (34, 36) . Measurements of the carotid artery intimalmedial wall thickness were performed by the technique developed and validated by Pignoli et al (37) . The average of an individual's carotid artery far wall thickness derived from the intimal-medial thickness measurements taken at each of 6 sites was used as a general measure of early atherosclerotic change. To minimize potential bias resulting from the inability to visualize some segments, maximum likelihood techniques were used to estimate far wall thickness when data were missing (38) . The reproducibility of the study techniques and a description of the quality-control procedures can be found elsewhere (29, 39, 40) .
Other measures
Height and weight were measured with subjects in light clothing and without shoes. Body mass index was calculated as weight in kilograms divided by height (in meters) squared. Cigarette use, ethnicity, and educational attainment were assessed with an interviewer-administered questionnaire. Blood pressure was measured 3 times with a random-zero sphygmomanometer; the average of the second and third measurements is used here. Plasma cholesterol, LDL and HDL cholesterol, and serum glucose were measured after subjects had fasted for 12 h (30).
Statistical analysis
We used contingency table techniques and logistic regression to relate quintile of provitamin A carotenoid intake to the presence or absence of plaques (41) . Those reporting ␤-carotene supplement use were reassigned to the highest intake quintile in the categorical models. It was not possible to quantify the amount of ␤-carotene ingested in multivitamin supplements. Therefore, key analyses were also conducted excluding multivitamin users. All analyses were run separately for men and women. Ninety-five percent CIs for the odds ratios comparing each of the upper 4 quintiles with the lowest quintile were derived from a logistic regression model including only indicator variables for the upper 4 intake quintiles. Logistic models were also run, adjusting for potential confounders, plasma HDL and LDL cholesterol, serum glucose, systolic and diastolic blood pressure, age, education (indicator variables for less than or greater than a high school education were included), ethnicity (indicator variable for being African American included), body mass index, and intakes of total energy, polyunsaturated fatty acids, saturated fatty acids, folate, and alcohol. Models were run both adjusted for smoking and stratified by smoking status (current smoker, former smoker, or never smoked). We assessed the presence of a linear trend of decreasing plaque prevalence across intake levels by using the Mantel-Haenszel test for trend and in logistic regression by fitting the quintile of intake as the exposure variable.
Not every arterial segment was visualized for every participant; in 7.4% of eligible participants < 5 segments were visualized. Bias could result if carotenoid intake were associated with the number of segments visualized, because fewer visualized segments would yield fewer opportunities to detect plaques. Thus, additional analyses were restricted to participants with ≥ 5 visualized segments. Because the results differed little between the 2 approaches, only results from the inclusive analyses are presented here.
RESULTS
The average age (± SD) of the participants was 54.0 ± 5.4 y; 55.7% were women and 24.6% were African American. Nearly 80% of participants completed high school. Of the women, 24.5% smoked cigarettes at baseline, whereas 53.1% had never smoked. Of the men, 26.5% were current smokers and 29.5% had never smoked. Mean (± SD) provitamin A carotenoid intake was 6763 ± 6155 IU by women who smoked compared with 7690 ± 7027 and 7593 ± 6596 IU by former smokers and nonsmokers, respectively. In men, mean intakes of provitamin A carotenoid by those who smoked, were former smokers, or who had never smoked were 6045 ± 6609, 6223 ± 6418, and 6746 ± 6064 IU, respectively. Plaques detected by ultrasound were common and were found in 26.8% of women and 37.8% of men.
The association between plaque prevalence and quintile of dietary provitamin A carotenoid intake is shown in Table 1 . The groups of men and women consuming the greatest amount of carotenoids had the lowest plaque prevalence, although the difference was statistically significant only in women. After potential confounders were adjusted for, only women in the second intake quintile had a significantly lower prevalence of plaques. In men, there were no statistically significant results after adjustment for confounders.
Smoking strongly affected the association between carotenoid intake and plaque prevalence in women but not men (Tables 2  and 3) . A test for a three-way interaction between carotenoid intake, current smoking, and sex was significant (P = 0.028). In women who smoked the prevalence of plaques was 35.9%. Women smokers in the lowest intake quintile had a 41.4% prevalence of plaques, whereas those in the highest intake quintile had a 31.5% prevalence ( Table 2 ). This association changed little after potential confounders were adjusted for. In contrast, there was little evidence for an association between carotenoid intake and plaque prevalence in women who were either former smokers or who had never smoked. The prevalence of plaques in both former smokers and nonsmokers (26.2% and 22.8%, respectively) was still lower than that in the highest intake quintile of women who smoked. In men, although plaques were most common in smokers (45.6%) compared with former smokers (39.4%) and those who never smoked (28.4%) ( Table 3) , there was no statistical evidence of an interaction between smoking status and carotenoid intake (test for interaction between carotenoid intake and current smoking in adjusted logistic model, P = 0.18).
In both women and men, light and moderate smokers [those reporting < 500 pack-years (number of packs of cigarettes smoked per year times the number of years smoked) of use] had a lower prevalence of plaques than did heavy smokers. In women, the prevalence of plaques in light or moderate smokers was 24.0% compared with 39.9% in heavy smokers. Prevalences of plaques in men who were light or moderate smokers or men who were heavy smokers were 31.7% and 47.2%, respectively. The amount of smoking did not greatly affect the relation between plaque presence and carotenoid intake in either sex (data not shown).
In our previous investigation of dietary antioxidant intake and carotid artery wall thickness, we found that the protective effects of vitamins E and C were evident only in those aged ≥ 55 y compared with those aged 45-54 y (16). In the current analysis, women ≥ 55 y old had a higher prevalence of plaques than did women aged < 55 y (36.1% and 19.6%, respectively), but the pattern of decreasing plaque prevalence with increasing intake was broadly similar and in neither age group was it statistically significant ( Table 4) .
In men, the prevalence of plaques was also higher in the older age group (29.1% for those aged < 55 y and 46.9% for those ≥ 55 y). In contrast with the association in women, in men the association between carotenoid intake and plaque prevalence was stronger in the older age group, but diminished after potential confounders were adjusted for (Table 4) .
DISCUSSION
Estimated dietary provitamin A carotenoid intake was inversely associated with the presence of carotid artery plaques as determined by B-mode ultrasound in a population of 45-64-y old men and women selected from the general population and free from heart disease. In women, the association was markedly stronger for cigarette smokers. The overall association was not statistically significant in men but tended to be stronger in older (≥ 55 y) than in younger men.
In our earlier analysis we found no relation between average carotid artery wall thickness and provitamin A carotenoid intake after adjusting for known risk factors for cardiovascular disease (16) . It is therefore intriguing that among smoking women there should be an association between plaque prevalence and provitamin A carotenoid intake. Plaque growth is thought to be a complex process involving cell migration to and proliferation in the subintimal space, necrosis, and repetitive disruption or rupture of an existing endothelial lesion (12, 42) . Wall thickening per se is thought to represent early changes in the disease process. Later steps in the process involve additional factors that may not be involved in early lesion development, such as mechanical stress or acute inflammatory changes (12, 42) . ␤-Carotene has demonstrable effects on immune cell populations that appear to play an important role in endothelial wall fissure (42) (43) (44) . That LDL oxidation is important early in the process does not mean that substances that do not affect LDL oxidation cannot affect other aspects of lesion development. The data of Shaish et al (45) underscore this point for ␤-carotene. In cholesterol-fed rabbits, ␤-carotene inhibited atherosclerotic lesion development to the same extent as probucol but had no effect on LDL oxidation and was, in fact, unrecoverable from LDL (45). Adjusted for ethnicity, education, age, diastolic and systolic blood pressure, fasting serum glucose, body mass index, plasma LDL cholesterol, plasma HDL cholesterol, and intakes of total energy, saturated fat, polyunsaturated fat, folate, and alcohol.
2 Referent group. 3 P for trend = 0.86. 4 P for trend = 0.37. 5 P for trend = 0.10. 6 P for trend = 0.25. 7 P for trend = 0.66. 8 P for trend = 0.84.
Several epidemiologic studies have found an inverse association between ␤-carotene and other carotenoids and cardiovascular disease. In a French study, total plasma carotenoid concentrations were inversely correlated with the prevalence of ultrasonographically detected plaques in men only, but the associations were no longer significant after confounding factors were adjusted for (46) . Serum and plasma concentrations of carotenoids have been found to be inversely associated with incident coronary artery disease (23) (24) (25) 28) . The relation between dietary ␤-carotene or carotenoids and cardiovascular disease is less clear. Studies have tended to find associations in men but not in women, and the associations have tended to be of modest magnitude (8, 21, 26, 27, 47) . Against this backdrop of encouraging albeit inconsistent epidemiologic evidence, several recently completed trials of ␤-carotene supplementation found no evidence that supplementation reduces cardiovascular disease occurrence in Western populations (4, 5, 9, 48, 49) .
The focus of research on all-trans-␤-carotene to the exclusion of related carotenoids and other plant-derived compounds may be one explanation for the inconsistent results in the area of carotenoids and cardiovascular disease. In plasma, the all-trans configuration overwhelmingly predominates, and even after supplementation with the 9-cis isomer, its increase in the plasma compartment is slight (50) (51) (52) (53) . In tissues, however, the 9-cis isomer constitutes a substantial fraction of the total ␤-carotene content (51) . Moreover, supplementation with an algae extract containing a large amount of the 9-cis isomer decreases the amount of conjugated dienes in the serum (a measure of lipid oxidation), whereas supplementation with all-trans-␤-carotene does not (52) . The 9-cis isomeric form is found in dietary sources of ␤-carotene but not necessarily in synthetic supplements (54) .
Although ␤-carotene is the most common carotenoid recovered from the plasma, in both red blood cells and peripheral blood mononuclear cells lutein predominates and its concentration is considerably higher than ␤-carotene in these tissues (55) . In the current study, we examined the role of provitamin A carotenoids (ie, those carotenoids that can be converted to vitamin A in the body). It is possible that other carotenoids such as lutein or other substances found in the same foods as provitamin A carotenoids are the active agents. Indeed, Street et al (28) found several individual serum carotenoids to be inversely associated with incident myocardial infarction. Moreover, in a case-control study performed with ARIC Study participants, Iribarren et al (56) found that serum lutein/zeaxanthin concentrations were significantly lower in participants with carotid intimal-medial thickness above the population's 90th percentile than in control subjects with wall thicknesses below the 75th percentile (56) . The relative importance of the various plant-derived constituents for the prevention of cardiovascular disease requires further elucidation.
A feature of several epidemiologic studies examining carotenoids and cardiovascular disease has been the striking interaction between carotenoids and smoking. Despite the lack of effect of ␤-carotene supplementation on the in vitro oxidative susceptibility of LDL (13, 14, 19) , it nevertheless does seem to have an effect on lipid oxidation in smokers. For example, ␤-carotene supplementation has been found to reduce breathpentane output, a measure of lipid peroxidation, in smokers but not nonsmokers (57) . Although a smoking interaction has not been observed uniformly in epidemiologic studies (25, 26) , 3 studies observed no association between coronary artery disease and carotenoids or ␤-carotene in nonsmokers but did see fairly strong inverse associations in current smokers (odds ratios con- sistent with a more than 2-fold difference between the extremes of the ␤-carotene or carotenoid distributions) (24, 27, 28 ). In the current study, the strongest evidence for a protective effect of dietary provitamin A carotenoids was seen in female smokers. Similar to the study of Street et al (28) , the carotenoid effect on smoking did not seem to depend on the intensity of smoking. It is unclear why there was such a marked difference in the role of smoking between men and women in our population. The food-frequency questionnaire used in the ARIC Study was adapted from a questionnaire used in the Nurses' Health Study (31) . Although this questionnaire has not been validated within the ARIC population, the questionnaire had reasonable validity in the original population (16, 58) . The foodfrequency questionnaire measures usual diet with some error (59) . The error is unlikely to be systematic with respect to the study outcome. The presence of plaques is an asymptomatic condition, and those with symptomatic coronary artery disease were excluded from the analysis. Therefore, it is unlikely that the presence of plaques per se affected responses on the diet questionnaire.
Some multivitamins consumed by the study participants may have included ␤-carotene. Data were not collected that permitted quantification of the amount of ␤-carotene that may have been consumed in supplement form, and the failure to account for this source may have introduced additional measurement error. To examine this possibility, analyses were run again excluding multivitamin users. When multivitamin users were excluded from the analysis, the observed associations changed little.
Despite good intra-and interreader reliability, the use of Bmode ultrasound to assess arterial plaque occurrence is a source of imprecision in addition to that introduced by the diet assessment method. The scanning and reading protocols in the ARIC Study focus primarily on the measurement of carotid intimal-medial wall thickness of well-defined segments of the carotid artery. As a result, it is likely that several plaques were not ascertained and that some subjects with plaques may have been included in the nonplaque group. Again, it is unlikely that this source of error was related to dietary intake, so the expected effect of the error would be to bias the associations toward no effect.
The statistical interactions observed in this study, that is, those between smoking and intake in women but not in men, could represent physiologic differences between the sexes. Alternatively, these differences may have been due to chance or to differences in the validity of the assessment instruments by smoking status, sex or both. In addition to limitations of the diet and ultrasound measures, the basis for inference was also limited by the cross-sectional design of the study. The diet assessment was designed to reflect usual diet over the previous year, but atherosclerosis and plaques develop over many years and it is conceivable that some subjects' diets could have changed. Dietary patterns in adults are fairly stable over several years (60) , and we purposefully restricted the study population to persons without symptoms of cardiovascular disease to exclude those who may have altered their diets in response to symptoms.
Despite the limitations discussed, the findings from the ARIC Study support the hypothesis that carotenoids or some other compound found in high-carotenoid foods may play a role in atherosclerotic disease. On the basis of the evidence at hand, the effect appears to be operating later rather than earlier in the course of lesion development. An examination of the influence of carotenoids on aspects of arterial pathophysiology other than those mediated through the inhibition of LDL oxidation appears warranted.
